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Asphalt binder characterization is a complex and difficult task due to its rheological 21 
behaviour. Indeed it has been traditionally realized by means of simple tests at an 22 
established temperature. An added challenge is that low temperatures, as well as binder 23 
aging, lead to significant changes in the viscoelastic behaviour of binders. This study 24 
aimed to characterize asphalt binders, not through the traditional procedures, but 25 
through the ductility and tenacity that they provide to a mixture, being these two 26 
properties directly related to the cracking response of the binder. To this end, a new 27 
approach for asphalt binder characterization was proposed based on the application of 28 
the Fénix test on a standard mixture with a defined aggregate gradation and 29 
composition, without fines or filler, manufactured with different types of binders and 30 
tested at different temperatures, as well as subjected to accelerated aging in laboratory. 31 
The obtained results showed the thermal susceptibility of binders, which evidence the 32 
need to characterize binder performance at different temperatures to obtain a reliable 33 
cracking response. In addition, binder aging results in a more brittle cracking fracture, 34 
being the aging effects more pronounced in high penetration binders.  35 
 36 
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1. Introduction 38 
 39 
Asphalt binder characterization has always presented some complexity due to the 40 
rheological behaviour of the tested material. Bituminous mixtures show significant 41 
variations in mechanical properties with load application speed and temperature due to 42 
the thermal susceptibility and viscoelastic behaviour of asphalt binders [1]. At low 43 
temperatures and short load application times, binder response is elastic, while at high 44 
temperatures and long periods of load application the response is viscoplastic. Likewise, 45 
binder aging also changes its rheological behaviour [2].   46 
Due to the complexity of such a study, characterization of asphalt binder behaviour 47 
has been classically realized by means of simple tests, which partially assess the binder 48 
properties at an established temperature (penetration, softening point, ductility, fragility 49 
point, viscosity, among others).  50 
However, the aim of this research is to characterize asphalt binders, not by these 51 
traditional procedures, but through those characteristics that are directly related to the 52 
properties that binders have to provide to the asphalt mixture for an appropriate 53 
performance of the pavement. And probably, the most representative characteristic of 54 
asphalt binders’ performance, which differentiates them from other binders such as 55 
cement, is their rheological properties, such as ductility and tenacity that represent the 56 
ability to withstand tensile stresses that can lead to cracking failure and fracture of 57 
pavement [3].  58 
Therefore, this paper evaluates the ductility and tenacity that different types of 59 
asphalt binders provide to a mixture under different environmental conditions by 60 
applying the Fénix test [4] [5]. This test, developed by the Road Research Laboratory of 61 
the Technical University of Catalonia, evaluates the crack resistance of asphalt mixtures 62 
by calculating the dissipated energy during mixture cracking [6].   63 
However, the cracking resistance of a mixture, as most mechanical properties, is not 64 
only influenced by the binder type and content, but also by a wide range of factors such 65 
as the type and content of filler that constitutes the mastic or the amount and nature of 66 
the fines. 67 
Recently, numerous researchers have investigated the influence of asphalt binders 68 
on the cracking resistance of mixtures by establishing a correlation between the 69 
rheological properties of the binders using conventional tests, e.g. elastic recovery test, 70 
bending beam rheometer or dynamic shear rheometer, and the cracking performance of 71 
asphalt mixtures at a defined temperature, e.g. overlay tester or indirect tension test [3] 72 
[7]. Others have tried to establish a correlation between the critical cracking temperature 73 
for both asphalt binders and mixtures at low temperatures [8] [9]. However, 74 
relationships between binder tests and mixtures tests have not been fully established due 75 
to significant differences in the test temperature. Based on the encountered 76 
discrepancies, this study aims to directly characterize the cracking resistance that 77 
different asphalt binders withstand by applying a direct tensile stress under different test 78 
temperatures. 79 
In order to isolate the effect of the asphalt binder, the cracking resistance provided 80 
by the asphalt binder has been evaluated on a standard mixture with a defined gradation 81 
and composition, without fines or filler, where only the binder content is providing the 82 
cohesion of the mineral skeleton. This test methodology, which consists of isolating the 83 
effect of asphalt binder through a defined standard mixture, has attracted significant 84 
researchers’ attention who have used it to evaluate the bonding ability provided by the 85 
binder in the aggregate-asphalt matrix, as well as the effect of temperature, moisture 86 
damage and aging of binder on the adhesion mechanism [10]. This methodology was 87 
named the UCL method (Universal Binder Characterization) [11]. Under these 88 
conditions, the cracking performance of the mixture will be exclusively influenced by 89 
the type of binder. In other words, the role of the mineral skeleton is to become a holder 90 
to characterize the performance of the binder type. 91 
It is worth pointing out that cracking resistance may become critical at low and 92 
intermediate temperatures due to the thermal susceptibility and viscoelastic behaviour of 93 
asphalt binders [9] [1]. Under this temperature range, asphalt binder hardening process 94 
results in higher mixture stiffness; thus, brittleness increases due to the decreased binder 95 
ductility. Similarly, this change in binder properties may also occur due to the long term 96 
aging of the binder [12]. This process can be attributed to chemical aging, mainly 97 
explained by the thermal-oxidation and photo-oxidation, or steric hardening [13]. 98 
Generally, the aging process brings about mechanical and chemical changes in 99 
binder properties, leading to an increase in asphalt binder stiffness, impoverishing its 100 
adhesive capacity and reducing its coating properties [14]. If this loss of ductility is 101 
combined with the effect of low temperatures, consequences can be even more severe.  102 
Therefore, in order to fully characterize cracking resistance of asphalt binders, the 103 
test will be performed under a wide range of working temperatures to evaluate their 104 
thermal susceptibility, especially under low temperatures when asphalt binder becomes 105 
significantly more brittle, as well as the consequences of the aging process.  106 
Hereafter, a description of the followed methodology and Fénix test applied on five 107 
different asphalt binders, under a wide range of temperatures, as well as the influence of 108 
aging, is provided. 109 
 110 
2. Methodology and materials 111 
 112 
The aim of this research is to characterize asphalt binders by evaluating the ductility 113 
and tenacity that they provide to a mixture through the application of the Fénix test. In 114 
particular, two aspects have been considered: (1) the effect of binder typology and (2) 115 
the effect of binder aging.  116 
It is worth noting that the Fénix test is a direct tensile strength test that evaluates the 117 
cracking resistance of asphalt mixtures, a property that is influenced by many other 118 
factors beside the type of binder. Therefore, in order to isolate the effect of the binder, 119 
the cracking resistance provided by the asphalt binder has been evaluated on a standard 120 
mixture with a defined gradation and composition, without fines or filler, the same type 121 
of aggregate and characterized by a high void content. Then, the only variable was the 122 
type of binder, so the differences observed in the cracking response of the standard 123 
mixture were due entirely to the binder type.  124 
To this aim, five asphalt binders covering a large portion of the current market were 125 
evaluated: four conventional binders, B15/25, B35/50, B70/100 and B160/220, and a 126 
polymer modified binder, PMB 45/80-65. Thus, a wide spectrum of binder 127 
consistencies is covered and conventional binders can be compared to the modified 128 
binder. Binders’ specifications are shown in table 1. 129 
 130 
Table 1 Properties of the evaluated asphalt binders 131 
Test Unit B15/25 B35/50 B70/100 B160/220 PMB 45/80-65 
Penetration at 25ºC (0.1 mm) 24 39 80 184 57 
Softening point R&B (ºC) 62 53.6 46.0 39.2 65.3 
Penetration index (ºC) -0.19 -0.90 -1.11 -0.74 - 
Elastic recovery at 13ºC (%) - - - - 74 
 132 
The standard mixture had a defined composition, without fines or filler, a fixed 133 
binder content of 4.5% (by weight of the aggregate) and a gradation composed of 80% 134 
of aggregated size between 2.5 and 5 mm and a 20% of aggregate size between 0.63 and 135 
2.5 mm. Only porfidic aggregates were used. Marshall specimens were manufactured 136 
with 50 blows per side and the air voids content was around 28%. This aims to 137 
minimize the effect of any other factor on the cracking response of the mixture other 138 
than the binder type.  139 
 140 
Table 2 Aggregate gradation 141 





In order to evaluate the cracking resistance that, in these conditions, the different 143 
asphalt binders provide to the mixture, the Fénix test was applied. The Fénix test 144 
procedure consists of subjecting one half of a 101.6 mm diameter cylindrical specimen 145 
prepared by the Marshall method to a tensile stress at a constant displacement velocity 146 
(1 mm/min) and specific temperature [6]. A 6 mm-deep notch is made in the middle of 147 
its flat side where two steel plates are fixed. The specimen is glued to the steel plates 148 
with an adhesive mortar containing epoxy resins. Each plate is attached to a loading 149 
platen so that they can rotate about fixing points.  150 
 151 
  
Figure 1 Fénix test set-up and stress-displacement output curve [4] 152 
 153 
Stress and displacement data are recorded throughout the test, and based on this 154 
output curve, the parameters involved in the cracking process are obtained: tensile 155 
stiffness index, fracture energy and toughness index.  156 
The Tensile Stiffness Index (IRT) represents the slope of the stress-displacement 157 
curve between 25% and 50% of the peak load, and it is related to the mixture modulus. 158 
It is obtained using the following equation (1): 159 
                (1) 160 
where  161 
IRT: tensile stiffness index (kN/mm) 162 
Fmax: peak load (kN) 163 
d0.25Fmax and d0.5Fmax: displacement before peak load at 25 and 50% of the peak load 164 
(mm), respectively 165 
Fracture energy (GF) during cracking is calculated by Eq. (2): 166 
                (2) 167 
where 168 
GF: fracture energy (J/m2) 169 
F: load (kN)  170 
u: displacement (mm) 171 
S: fracture surface (m2) 172 
df: displacement at the end of the test (mm). It is considered that the test ends at 4·10-2 173 
m of displacement. 174 
The toughness index (TI) is defined as the fracture energy during the post-peak part 175 
of the curve, weighted by the displacement between the maximum load and 50% of 176 
maximum post-peak load, eq. (3): 177 
              (3) 178 
where  179 
TI: toughness index (J·mm/m2) 180 
F: load (kN) 181 
u: displacement (mm)  182 
S: fracture surface (m2) 183 
dFmax and d0.5PostFmax: displacement at maximum load and displacement at 50% post-peak 184 
load (mm), respectively 185 
Finally, the displacement at 50% post-peak load (d0.5PostFmax) has been considered as 186 
a parameter directly related to the ductility of the mixture, since it allows evaluating the 187 
type of fracture [15]. 188 
To assess the influence of temperature on each cracking parameter, the test has been 189 
performed at different temperatures: 20, 10, 5 and -5ºC. Apart from the above test 190 
temperatures, other temperatures were selected for testing certain binders, i.e. 30ºC for 191 
the low penetration binders and -15ºC for the high penetration binders. Before testing, 192 
specimens were kept for a minimum of 12 hours at the test temperatures. The obtained 193 
results for each cracking parameter at every single test temperature have been 194 
represented to obtain the state curve of each binder, which allows visualising their 195 
thermal susceptibility. 196 
Finally, it is intended to evaluate the effect of aging on the cracking resistance, and 197 
in particular the combined effect of aging and low temperatures. To simulate the effect 198 
of long term aging (LTOA) on cracking resistance, the standard mixtures manufactured 199 
with two types of conventional binders (B15/25 and B70/100) were subjected to a 200 
LTOA procedure established by the RILEM Technical Committee, which consists of 201 
maintaining the loose mixture for nine days at 85ºC [16]. However, in this study the 202 
specimens were kept for 7 days in accordance with the conclusions from the Van der 203 
Bergh research, which concluded that the results obtained with 7 days aging are similar 204 
to those with 9 days [17]. After aging, the specimens were compacted and tested at the 205 
same temperatures as the unconditioned specimens.  206 
At least three replicate samples were tested at each temperature for each binder type 207 
to ensure the repeatability of the results. 208 
 209 
3. Results and discussion 210 
 211 
3.1. Asphalt binder type analysis 212 
 213 
The application of the Fénix test to each (unaged) binder under different 214 
temperatures plots the stress undergone by the standard mixture against displacement. 215 
As an example, the Fénix test results for all tested binders at 5ºC are given in figure 2. 216 
 217 
 218 
Figure 2 Stress-displacement curve at a test temperature of 5ºC 219 
 220 
Fig. 2 shows the difference in behaviour between tested binders. The initial 221 
increased slope of the stress-displacement curve represents the stiffness while the 222 
rapidly dropping post-peak curve provides a sense of the brittleness of the binder. Thus, 223 
it can be observed that the B15/25 binder reflects the higher stiffness and brittleness at a 224 
test temperature of 5ºC. 225 
Based on this output curve, the parameters involved in the cracking process are 226 
obtained. The mean values for fracture energy, tensile stiffness index, toughness index 227 
and displacement at 50% post-peak load were obtained from three individual results. 228 
 229 
3.1.1. Fracture energy (GF) 230 
Fig. 3 illustrates the change in fracture energy, which represents the work required 231 
for crack initiation, with temperature for all the tested binders: B15/25, B35/50, 232 
B70/100, B160/220 and PMB 45/80-65.  233 
 234 
Figure 3 Fracture energy versus temperature for all binders 235 
 236 
The fracture energy clearly varies on the basis of the type of binder and the test 237 
temperature. It is observed that asphalt binders reach a maximum of the fracture energy 238 
at different temperatures depending on their nature.  239 
In the case of conventional binders, maximum values occur at lower temperature as 240 
the penetration degree of the binder increases. Likewise, high penetration binders 241 
present greater values of fracture energy, and consequently the highest resistance to the 242 
cracking process. On the other hand, the polymer-modified binder presents maximum 243 
values and, thus, the highest resistance to crack-propagation almost over the whole 244 
range of studied temperatures due to its greater ductility.  245 
At low temperatures (-15ºC) all curves tend to converge at the same value, around 246 
200J/m2. This is due to the thermal susceptibility and viscoelastic behaviour of the 247 
binders. Under this temperature range, the binder hardening process increases the load 248 
bearing capacity as well as the brittleness, so fracture occurs very rapidly and similarly 249 
for all binders.  250 
 251 
3.1.2. Tensile Stiffness Index (IRT) 252 
The tensile stiffness index assesses the tested specimen modulus or the stiffness of 253 
the mixture.  254 
 255 
Figure 4 Tensile stiffness index versus temperature for all binders 256 
 257 
Tensile stiffness index values strongly increase with decreasing temperature for all 258 
asphalt binders. The obtained results are clear evidence of the hardening process that 259 
asphalt binders undergo as temperature decreases, leading to an increase of the binder 260 
stiffness.  261 
The same trend is observed for all the tested binders. Unlike the fracture energy, 262 
there are no significant variations between the modified binder and conventional 263 
binders, except for the B15/25 binder that shows the greatest values due to its higher 264 
stiffness. 265 
 266 
3.1.3. Toughness Index (TI) 267 
The toughness index gives a measure of the ability of the binder to resist cracking 268 
fracture after reaching maximum resistance. In other words, it assesses whether the type 269 
of fracture is more or less ductile. 270 
 271 
 272 
Figure 5 Toughness index versus temperature for all binders 273 
 274 
Indeed, the toughness index is defined as the fracture energy after achieving the 275 
peak load weighted by a post-peak displacement. For this reason, the obtained patterns 276 
are consistent with the energy fracture patterns.  277 
Results indicate that high penetration binders become tougher and more ductile at 278 
intermediate temperatures, while low penetration binders present a tougher performance 279 
at higher temperatures, although at -15ºC the toughness index is practically the same for 280 
all binders due to the hardening process that leads to a reduction in binder ductility that 281 
leads to a brittleness fracture. In all cases, high penetration binders reach higher 282 
toughness values over almost the whole temperature range due to its nature.  283 
It is worth noting the thermal susceptibility of binders observed in this study. 284 
Indeed, the results evidence the need to characterize binder performance at different 285 
temperatures. If the test had only been performed at 20ºC, a common test temperature, 286 
the results would show a better performance of B15/25 binder over the rest of the 287 
binders, while at 5ºC the trend is reversed.  288 
 289 
3.1.4. Displacement at 50% of post-peak load (d0.5PostFmax ) 290 
Fig. 6 illustrates the displacement at 50% of post-peak load and it gives a notion of 291 
the work done during the cracking process and a measure of the  binder  ductility.  292 
 293 
Figure 6 Displacement at 50% of post-peak load versus temperature for all binders 294 
 295 
Consistent with the results of the other cracking parameters, at very low 296 
temperatures there is no significant difference between all the binders due to the 297 
hardening process that leads to a brittle break. 298 
However, as temperature increases distinctive behaviours are observed. 299 
Conventional binders present very similar trends with quasi-parallel curves as 300 
temperature increases. As expected, high penetration binders show higher displacement 301 
values due to their greater ductility.  302 
 303 
3.2. Binder aging effect analysis 304 
 305 
Hereafter, the change in binder cracking resistance due to the effect of aging will be 306 
evaluated. In particular, the aging of a high penetration binder, B70/100, and a low 307 
penetration binder, 15/25, has been analysed. As an example, the Fénix test results for 308 
unconditioned and aged binders at 20ºC are given in figure 7. 309 
 310 
Figure 7 Stress-displacement curve at a test temperature of 20ºC 311 
 312 
As it can be observed, large differences between unconditioned and aged binders are 313 
obtained. An increased stiffness represented by the higher initial slope, occurs after 314 
aging as well as a greater drop-off of the post-peak curve. Moreover, the aging process 315 
leads to a sharp increase of the stress that the binder can withstand. This is more 316 
pronounced for the high penetration binder.  317 
 318 
3.2.1. Fracture energy (GF) 319 
Fig. 8 shows the variation of the fracture energy due to the effect of binder aging 320 
under different temperatures.  321 
  322 
Figure 8 Fracture energy versus temperature for unconditioned and aged binders 323 
 324 
The obtained curves evidence how the aging effect varies according to the type of 325 
binder and test temperature. The work required for crack initiation drops sharply after 326 
aging, and its behaviour becomes less thermally susceptible. Actually, aged high 327 
penetration binder presents a maximum value at a higher temperature than the 328 
unconditioned specimen, which remains the behaviour of the stiffer binder. 329 
The analysis of the aging effect shows that the aging consequences are more 330 
pronounced for the high penetration  binder compared to the low penetration  binder. 331 
Indeed, results show that the behaviour of the aged B70/100 binder is similar to the 332 
unconditioned B15/25 binder and even, at certain test temperatures, the behaviour of the 333 
aged high penetration binder was equal to the aged low penetration binder.  334 
It is important to highlight that the aging process of binders has serious 335 
consequences in terms of cracking resistance because it leads to an increase of the 336 
stiffness and the stress that the binders can withstand, which results in a brittle cracking 337 
fracture. 338 
 339 
3.2.2. Tensile Stiffness Index vs. Displacement at 50% of post-peak load 340 
If the variation of two opposite cracking parameters such as the tensile stiffness 341 
index is plotted versus the displacement at 50% of post-peak load, fig. 9 is obtained.  342 
  343 
Figure 9 Tensile stiffness index versus displacement at 50% of post-peak load 344 
 345 
This figure represents the combination of stiffness and ductility. The slope of 346 
this curve gives an idea of the thermal susceptibility of the binder, and the high 347 
penetration binder shows a gentler slope leading to a higher susceptibility. After aging, 348 
both slopes become steeper because the binder stiffens and loses ductility. Then, they 349 
become less susceptible to temperature. This phenomenon is more pronounced at low 350 
temperatures due to the hardening process that results in a brittle fracture.  351 
The analysis of the slopes shows that the ductility decrease is more pronounced than 352 
the increase in stiffness for both binders between 20 and -5ºC. Indeed, it is observed that 353 
this variation is even more pronounced for the B70/100 binder, evincing the major 354 
effect of aging on high penetration binders. 355 
 356 
4. Conclusions 357 
 358 
This paper aims to validate a new approach for asphalt binder characterization by 359 
evaluating the ductility and tenacity that binders provide to an asphalt mixture, as well 360 
as the effect of asphalt binder aging. To this end, a standard mixture with a defined 361 
gradation and composition, without fines or filler, the same type of aggregate and 362 
characterized by a high void content has been manufactured to isolate the effect of 363 
binder on cracking resistance. Five asphalt binders covering a wide spectrum of binder 364 
consistencies have been evaluated: four conventional binders, B15/25, B35/50, B70/100 365 
and B160/220, and a polymer modified binder, PMB 45/80-65, by applying Fénix test. 366 
Based on the findings of this research, the following conclusions can be drawn as 367 
follows: 368 
- According to the obtained results, Fénix test can be considered as adequate to 369 
characterize the cracking resistance of asphalt binders under different conditions 370 
since it has a great sensitivity to compare binders with similar properties, and 371 
more quickly than a conventional tests. 372 
- Regarding the binder type effect it can be concluded that the cracking behaviour 373 
of binders is strongly dictated by their nature and test temperature. It is observed 374 
that each binder type reaches a maximum of the fracture energy at different 375 
temperatures. 376 
- The results of the study reflect that conventional binders present maximum 377 
values of fracture energy and toughness at lower temperature as the penetration 378 
degree of binder increases. Polymer-modified binder presents maximum values 379 
over the whole temperature range and thus, the highest resistance to crack-380 
propagation due to its greater ductility.  381 
- Considering the tensile stiffness index results, there is clear evidence of the 382 
hardening process that all asphalt binders undergo as temperature decreases, 383 
leading to an increase of the binder stiffness. Indeed, at low temperatures (-384 
15ºC) all curves tend to converge to the same area. 385 
- Regarding the aging binder effect it can be concluded that the aging process 386 
leads to a sharp increase of the stress that the binder can withstand, a higher 387 
stiffness and a lower toughness, leading to a more brittle fracture. This 388 
phenomenon is more pronounced at low temperatures due to the hardening 389 
process. 390 
- Asphalt binders become less susceptible to temperature after aging. Variations in 391 
the cracking parameters of the high penetration binders are significantly greater 392 
than the results from the low penetration binders; evincing the major effect of 393 
aging on high penetration binders. 394 
 395 
These results show the need to characterize binder performance at different 396 
temperatures to obtain a reliable cracking response, evidencing the importance of 397 
choosing the more accurate binder based on the environmental conditions to increase 398 
mixture resistance to cracking. For a successful pavement design, it is vital to know the 399 
in service temperature and temperature gradient that will affect the pavement because a 400 
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